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Abstract

Introduction—Sepsis with Bacillus anthracis infection has a very high mortality rate despite 

appropriate antibiotic and supportive therapies. Over the past 15 years, recent outbreaks in the US 

and in Europe, coupled with anthrax's bioterrorism weapon potential, have stimulated efforts to 

develop adjunctive therapies to improve clinical outcomes. Since lethal toxin and edema toxin (LT 

and ET) make central contributions to the pathogenesis of B. anthracis, these have been major 

targets in this effort.

Areas covered—Here, the authors review different investigative biopharmaceuticals that have 

been recently identified for their therapeutic potential as inhibitors of LT or ET. Among these 

inhibitors are two antibody preparations that have been included in the Strategic National 

Stockpile (SNS) and several more that have reached Phase I testing. Presently, however, many of 

these candidate agents have only been studied in vitro and very few tested in bacteria-challenged 

models.

Expert opinion—Although a large number of drugs have been identified as potential therapeutic 

inhibitors of LT and ET, in most cases their testing has been limited. The use of the two SNS 

antibody therapies during a large-scale exposure to B. anthracis will be difficult. Further testing 

and development of agents with oral bioavailability and relatively long shelf lives should be a 

focus for future research.
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1. Introduction

The 2001 US outbreak of Bacillus anthracis (anthrax) infection from spore-contaminated 

letters and the potential for this bacterium to be used for bioterrorism has heightened 
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awareness to prospective risks [1-5]. This awareness has been further escalated by several 

isolated cases in the US and Europe over the last decade and an outbreak of injection anthrax 

among heroin users in Europe beginning in 2009 [4,6-10]. Unfortunately, in these anthrax 

outbreaks the development of septic shock has been associated with a particularly poor 

prognosis despite patients receiving aggressive conventional therapy with antibiotics and 

intensive care support. All patients with shock during the US 2001 outbreak died [2,5,11]. A 

review of 27 confirmed cases of infection from the outbreak in injection drug users in the 

UK noted that the mortality rate among patients requiring vasopressor therapy was close to 

80% and substantially higher than other types of septic shock [4,12,13]. These findings 

emphasize the need to identify adjunctive therapies, which can be used with conventional 

ones to improve outcomes.

B. anthracis produces two toxins, lethal toxin and edema toxin (LT and ET), strongly 

implicated in its associated shock and lethality and which are likely targets for adjunctive 

therapies [1,14-16]. Over the past 10 – 15 years, there has been considerable progress 

identifying agents with the potential to therapeutically inhibit LT and ET. Here, we first 

briefly discuss the structure, actions and cardiovascular effects of LT and ET. We then 

describe the steps required for toxin uptake by host cells and in that context, discuss agents 

which have been identified with the potential to serve as or be developed into adjunctive 

therapies for anthrax.

2. B. anthracis toxin structure, function and potential cardiovascular effects

LT and ET are binary toxins comprised of protective antigen (PA), a protein that mediates 

the uptake of the toxins' toxic moieties: lethal factor (LF) for LT and edema factor (EF) for 

ET [17,18]. LF is a zinc-dependent metalloprotease which inactivates MAPKK 1 – 4 and 6 

and essential stress kinase pathways [19]. LF also activates the Nlrp-1 inflammasome in 

macrophages and dendritic cells, resulting in caspase-1 activation, IL-1 and IL-18 

production, and cell death [20]. EF has potent calmodulin-dependent adenyl cyclase activity 

and rapidly increases intracellular cAMP levels [21].

Data in in vivo and in vitro models suggest that LT can disrupt endothelial barrier function 

and produce hypotension in part through the extravasation of fluid [1,2]. Some studies have 

also suggested that LT, but not ET, may have direct myocardial depressant effects, while 

others have not [22]. Other studies have suggested that ET also has a direct effect on 

reducing endothelial barrier function and can produce intravascular volume losses [1,2]. On 

the one hand, this would be consistent with ET's known ability to produce localized tissue 

edema when injected subcutaneously in animals. Notably though, endothelial impairment is 

not consistent with EF's recognized action of potent adenyl cyclase activity since much 

research has shown that increased intracellular cAMP levels have potential endothelial-

protective effects [23,24]. Alternatively, ET may produce shock by causing direct arterial 

and venous relaxation and dilation, changes very consistent with its adenyl cyclase activity 

[22,25].
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3. Toxin uptake during infection

During B. anthracis infection, PA protomers with a molecular weight (MW) of 83 (PA83) 

bind to host cells via one of two receptors, tumor endothelial marker 8 (TEM8) or capillary 

morphogenesis gene-2 (CMG2) (Figure 1) [17,18,26-28]. Both receptors express an 

extracellular von Willebrand factor A (vWA) domain that binds to PA83 and are present in a 

wide variety of tissues. CMG2 may have a greater role in infection due to its higher affinity 

for PA. A third possible toxin receptor with a vWA domain has been implicated in toxin 

uptake but its pathogenic contribution is unclear [29]. Following host cell binding, the PA83 

protomer undergoes furin cleavage into an active 63 kDa monomer and inactive 20 kDa 

monomer (PA63 and PA20) [30]. The small monomers are released while the PA63 monomers 

oligomerize into heptamers or octamers, termed prepores, which localize to lipid raft regions 

of the cell membrane. The formation of the prepore oligomers results in their activation and 

ability to bind three to four LF or EF molecules and to undergo endocytosis. As the 

endosome is internalized, decreasing intravesicular pH stimulates prepore incorporation into 

the endosomal membrane where it forms a cation-selective channel [31-33]. This channel or 

pore connects the inside of the endosome to the cell's cytosol. The transformed PA63 

oligomer then mediates translocation of LF and EF into the cytosol along a proton gradient 

facilitated by specific amino acids within the passageway. Once in the cytosol, LF and EF 

exert their individual effects. Categorization of potential toxin-directed agents for anthrax 

can be done in the context of the steps required for toxin uptake by cells [26,27,30,34].

4. Toxin-directed therapies for the management of B. anthracis shock

When considering the potential of proposed agents, it is important to consider the degree to 

which their efficacy has been assessed. This assessment can be divided into several general 

stages. After a potential antitoxin agent has been identified, it is first determined whether it 

will protect against the cytotoxic effects of LT in a macrophage lysis assay, usually 

RAW264.7 or J774A.1 cells. For ET-directed agents, in vitro studies may test the agent's 

ability to inhibit cAMP production or a cAMP-mediated event. If effective in vitro, then the 

agent's effects are assessed in an LT (or sometimes ET)-challenged animal model, most 

frequently the highly sensitive Fisher 344 rat although other strains and species are 

sometimes used. If protective with an in vivo toxin challenge, then the agent is tested in vivo 
with a live B. anthracis challenge using either a fully virulent B. anthracis strain (e.g., 

Ames), or a less virulent one that still produces toxin (e.g., Sterne). Full in vivo assessment 

of the agent should include studies showing that it is effective when administered at some 

clinically relevant time point after B. anthracis challenge (e.g., 72 – 96 h after initiation of 

infection, upon detection of PA in the bloodstream or a rising temperature) and that it adds 

to the protective effects of antibiotics. Based on the animal rule, for FDA approval in the US, 

the agent has to have been tested in two relevant animal models [35]. For the only two 

antitoxin agents presently included in the Strategic National Stockpile (SNS, see below), this 

testing has included live B. anthracis challenge in ciprofloxacin- or levofloxacin-treated 

rabbit and cynomolgus monkey models. While a large number of potential anthrax toxin-

directed agents have been identified, the degree to which their efficacy has been tested in 

relevant models varies considerably. Some agents which have shown particular promise in 

preclinical testing have undergone Phase I clinical testing (see below).
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4.1 Inhibitors of the PA-binding domain

The majority of testing has been done with agents that directly inhibit PA binding. Anthrax 

Immune Globulin (AIG, Emergent Biosolutions, Winnipeg, Canada) is a polyclonal 

antibody derived from the plasma of humans previously vaccinated with Anthrax Vaccine 

Adsorbed [36,37] (AVA or BioTrax). It is presently one of only two adjunctive treatments for 

anthrax included in the SNS [38]. The vaccine employed (AVA) to generate AIG was 

produced by adsorbing filtered culture from an attenuated B. anthracis strain (V770-NP1-R) 

and which is comprised largely of PA. AIG improved survival in aerosolized B. anthracis 
(Ames)-challenged rabbits and cynomolgus monkeys when administered up to 24 h after 

challenge or upon detection of PA in blood [37] (close to 48 h). In spore-challenged rabbits, 

compared with levofloxacin treatment alone, AIG with levofloxacin administered at 96 h but 

not earlier (≤ 84 h) produced an increase in survival approaching significance (p = 0.13) 

[36]. Since the 2001 US outbreak, AIG is the only adjunctive therapy that has been used 

clinically for anthrax infection. It was administered to three isolated cases of inhalational 

disease and one GI case several days after each patient had presented [6-10] AIG accelerated 

declines in serum PA levels and reduced LF levels, and three patients survived [7,10]. In 27 

confirmed cases of injection anthrax from the 2009 UK outbreak, 9 of 15 patients (60%) not 

receiving AIG survived compared with 7 of 12 (58.3%) that did. However, AIG patients may 

have been sicker than non-AIG ones [4].

The other adjunctive therapy now included in the SNS is raxibacumab (Abthrax, 

GlaxoSmithKline, Philadelphia, PA). Presently, it is the only agent that has received FDA 

approval. Raxibacumab is a humanized mAb that inhibits the PA-binding domain [39]. In 

rabbits and cynomolgus monkeys challenged with aerosolized B. anthracis (Ames strain), 

treatment with raxibacumab, either at initial detection of circulating PA or with an increase 

in body temperature, improved survival significantly [39]. Compared with antibiotic 

treatment alone in anthrax-challenged rabbits, post-exposure treatment with raxibacumab in 

combination with antibiotics increased survival in a trend approaching significance (p = 

0.08) [40,41]. In LT-challenged canines, raxibacumab augmented the hemodynamic and 

survival benefits of standard hemodynamic support [42]. Finally, in a Phase I study in 438 

subjects, raxibacumab was associated with only one serious adverse event and it was unclear 

whether this was a result of the therapy itself [39].

ETI-204 or Anthim (Elusys Therapeutics, Pine Brook, New Jersey, NJ) is a humanized, 

affinity-enhanced variation of a mouse mAb (14B7) [43]. In one study in rabbits challenged 

with aerosolized B. anthracis (Ames strain), compared with survival in controls (0 of 10 

animals), survival was significantly increased with ETI-204 treatment 24 h (8 of 10 

survived; p = 0.001 vs control) or 36 h (5 of 10; p = 0.04 vs control) but not 48 h (3 of 7; p = 

0.42 vs control) after challenge. In another study in a similar rabbit model, compared with 

survival in non-treated control animals (0 of 4 animals), animals administered doxycycline 

when PA was first noted after bacteria challenge had increased survival (5 of 10 animals; 

reportedly p = 0.85 vs control) that was increased further when combined with ETI-204 (9 

of 10; p = 0.005 vs control and p = 0.131 vs antibiotic alone) [44]. Three Phase I safety trials 

have reportedly been initiated with this agent [45]. IQNPA (IQ Corporation, Walnut, CA) 

directed against PA and an anti-LF mAb (IQNLF) are fully human mAbs (i.e., both Fab and 
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Fc regions have been humanized) developed with hybridomas from lymphocytes isolated 

from individuals immunized with the UK licensed anthrax vaccine [46]. IQNPA 

pretreatment in A/J mice challenged with intraperitoneal (i.p.) B. anthracis (Sterne strain) 

provided 100% protection. W1-mAb is a chimpanzee/human chimeric mAb obtained from 

chimpanzees immunized with PA [47]. Post-treatment with W1-mAb increased survival 

significantly in Sprague-Dawley rats challenged with intravenous (i.v.) ET or LT and in 

C57BL/6J mice challenged with subcutaneous (s.c.) B. anthracis [48] (A35 strain). A 

recently reported mAb, PA6-Fab, constructed with the variable regions of a murine PA-

directed mAb and constant region of human IgG was protective in LT-challenged J774A.1 

macrophages and Fisher rats [49].

Non-antibody inhibitors of the PA-binding region have focused on soluble preparations of 

the two anthrax receptors, CMG2 and TEM8. Early studies suggested that a soluble form of 

CMG2 (sCMG2 or RD1) had greater potency than that of TEM8 (sATR/TEM8, sTEM8) in a 

cell culture system and in LT-challenged Fisher rats, this was protective with an antibody-

resistant form of LT [50,51]. Other studies, however, suggested that sTEM8 and L56A, a 

PA-binding-affinity-elevated mutant of sTEM8, had better tissue penetration than sCMG2 

and were as protective as sCMG2 in LT-challenged rats [52]. To increase the half-life of such 

receptor-based therapies, another group used plant technology to produce a fusion protein 

consisting of the extracellular domain of CMG2 and human IgG-Fc [53] (CMG2-Fc). 

CMG2-Fc was protective in RAW264.7 cells challenged with normal and PA antibody-

resistant forms of LT. Post-exposure treatment with CMG-Fc protected Dutch belt (DB) 

rabbits challenged intranasally with B. anthracis (Ames strain). Another fusion protein 

employing the extracellular PA-binding VWA domain of TEM8 and CMG2 and IgG-Fc 

domain (VWA-Fc) was protective LT-challenged J774 cells [54]. In Fisher rats challenged 

with LT, compared with survival in controls (0%), survival with VWA-Fc treatment 1 h 

before or at the time of LT challenge increased survival (83%; p = 0.0051). VWA-Fc at the 

dose of 50 μg administered immediately before and 2 days after intratracheal (i.t.) B. 
anthracis (Sterne strain) challenge improved survival in DBA/2 mice (75% survival with 

VWA-Fc vs 0% survival with control, p < 0.05). No significant protection was observed with 

the lower dose of VWA-Fc (10 μg). Other studies have suggested though that sequestration 

of LF by another fusion protein (RDI-elIgG1) results in later release of the toxic moiety and 

loss of the fusion preparation's efficacy [55].

4.2 Inhibitors of binding domains on anthrax toxin receptors (TEM8 or CMG2)

Since therapies directed against epitopes on PA itself may be ineffective for B. anthracis 
strains which express mutant or deleted forms of the epitope, agents that directly block 

TEM8 and CMG2 have been identified. One group employed phage-display technology to 

identify 12- and 7-amino acid residues that combine with the TEM8- and CMG2-binding 

domains [56]. These residues were employed to construct polyvalent inhibitors which 

protected LT-challenged RAW264.7 cells. The most protective peptide improved survival in 

LT-challenged Fisher rats (6 of 6 animals survived with treatment vs 1 of 12 controls). 

Another group used a fluorescence resonance transfer (FRET) system to screen for 

compounds that interfered with PA–CMG2 or PA–TEM8 interactions [57,58]. With this 

technique, cisplatin inhibited both CMG2 and PA while tannic acid interacted with CMG2 
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alone and ebselen and thimersol inhibited PA and TEM8 interactions. Although this group 

did not test these agents with ET or LT, in prior experiments by another group, cisplatin was 

protective with LT challenge in vitro and in vivo [59]. Interestingly though, this latter study 

concluded that cisplatin's protective effects were related to inhibition of PA heptamer 

formation rather than to receptor inhibition. A recent study with interference RNA 

methodology showed that siRNAs to either CMG2 or TEM8 were protective in LT-

challenged mouse and human macrophage assays and inhibited LT-induced MEK2 cleavage 

and ET-stimulated adenyl cyclase activity in human kidney cells [60].

4.3 Inhibitors of furin PA83 cleavage

One group isolated antibody-producing lymphocytes from an individual vaccinated against 

anthrax and then produced nine fully human mAbs with high specificity to PA [61]. Two of 

the mAbs (p6C01 and p6F01) neutralized LT in the RAW264.7 macrophage assay and 

protected A/J mice from LT challenge. Additional studies with one of these preparations 

(p6C01) showed that it blocked furin cleavage but not PA63 oligomerization. However, other 

studies by this same group have suggested that antibodies against the PA cleavage site were 

not as protective as ones against the binding site [62].

Non-antibody agents blocking furin cleavage have also been identified. Hexa-D-arginine 

(D6R), a poly-arginine, inhibited both LT-induced macrophage lysis and PA83 cleavage [63] 

D6R-protected Fisher rats and FVB and 129/SV mice from LT challenge. Lengthening and 

modifying the structure of such poly-arginines (D9R) increased their affinity for furin and 

potency in the LT macrophage lysis assay [64]. Combination of D6R with the LF inhibitor 

In-2-LF, a peptide hydroxamate, resulted in enhanced protection against LT in a macrophage 

lysis assay [65]. A peptide inhibitor (AO-RARRRKKRT), modeled from the active furin 

cleavage site of influenza A H5N1, inhibited both free and cell surface furin PA83 cleavage 

[66,67]. Post-treatment with this peptide inhibitor was protective in A/J mice challenged 

with i.p. B. anthracis (Sterne strain) both with and without ciprofloxacin treatment. Inter-α-

inhibitor-p (IαIp) is a serine protease which inhibits several different proteases [68] (e.g., 

neutrophil, elastase and plasmin). IαIp blocked protein cleavage by recombinant furin and 

was protective in LT-challenged macrophages and BALB/c mice. In A/J mice receiving 

moxifloxacin post-treatment, IαIp treatment 1 h before or up to 24 h after i.p. B. anthracis 
(Sterne strain) challenge appeared protective [69]. Combination of the protease inhibitor 

eglin c with a peptidyl boronic acid inhibited cell surface processing of PA83 and 

macrophage lysis by LT [70]. Combination of this agent with chloroquine had additive 

effects in the macrophage lysis assay. Studies described below found that compounds 

targeting PA monomer oligomerization could also inhibit furin cleavage of PA [71].

4.4 Inhibitors of PA63 oligomerization and prepore formation

Monoclonal antibodies with high affinity for PA83 were developed from lymphocytes of an 

individual vaccinated with AVA and hybridoma technology and two, AVP-21D9 and 

AVP-22G12, were protective in LT-challenged macrophages and Fisher rats [72]. The 

inhibitory effects of the mAbs were related primarily to interference with PA63 heptamer 

formation and not PA83 binding to host receptors or toxic moiety binding to the oligomer 

complex [73]. In subsequent studies in rabbits challenged with intranasally instilled or 
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aerosolized B. anthracis (Ames strain), AVP-21D9 was protective when administered at the 

time of challenge but not 24 – 36 h after challenge [74]. In other studies in Swiss-Webster 

mice and guinea pigs, AVP-21D9 and a subtherapeutic dose of ciprofloxacin administered 

post-exposure had synergistic protective effects [75]. Post-exposure treatment with 

AVP-21D9 based on rising body temperature or the presence of positive serum PA levels in 

B. anthracis (Ames strain) challenged New Zealand rabbits or cynomolgus monkeys 

increased survival [76]. In a Phase I clinical trial in 50 patients, AVP-21D9 was not 

associated with increased adverse events [76].

Another group employed a humanized mouse strain (HC2/KCo7) to develop mAbs against 

PA, which were then engineered into a human IgG expression vector and produced from 

transfected Chinese hamster ovary (CHO) cells [77]. The engineered mAb (mAb-1303) 

improved survival when administered either in two doses 1 h and up to 96 h after aerosolized 

B. anthracis (Ames strain) challenge in rabbits and in one dose at the time of a similar 

challenge in cynomolgus monkeys. In rabbits receiving aerosolized B. anthracis (Ames 

strain), 8 of 10 animals receiving mAb-1303 treatment 24 h after challenge survived and this 

effect was comparable to prophylactic treatment. However, in this study, only three of seven 

animals receiving treatment at 48 h survived. Functional studies suggested that mAb-1303 

interfered with oligomer formation since it did not alter PA83 binding to host receptor or 

toxic moiety binding to oligomer. A Phase I clinical trial of mAb-1303 was suspended due 

to an adverse event but an additional Phase I study was reportedly underway [78,79].

One group employing the macrophage lysis assay to screen for toxin-directed agents 

identified cisplatin as a candidate [59]. In vitro studies suggested that cisplatin blocked 

oligomer formation and subsequent PA-mediated intracellular translocation of toxin. 

Cisplatin protected BALB/cJ mice and Fisher rats when co-administered with an LT 

challenge, but not when administered 2 h before or after LT challenge. Another group 

employed ICMPocketFinder to identify pockets in the PA monomer interface necessary for 

oligomerization and then screened the Chem-bridge library for compounds predicted to bind 

with these sites [71]. Four compounds [5180717(17), 5181401(01), 5181385(85) and 

5117235(35)] were identified that targeted a pocket close to the furin-binding site, protected 

against LT in the macrophage lysis assay and inhibited PA oligomerization in vitro. Another 

group employed CAVEAT to identify molecular scaffolds that could be modified to interfere 

with the binding sites necessary for PA heptamer formation [80]. Several candidate 

compounds were constructed which had modest protective effects in a macrophage lysis 

assay. Neither the compounds identified from the Chembridge library or with the CAVEAT 

methodology were tested in vivo.

4.5 Inhibitors of LF and EF attachment to the PA oligomer

Therapies designed to block LF or EF attachment to the PA oligomer can target either PA or 

the individual toxic moieties. Domains I of LF and EF, which mediate PA binding for each 

moiety, have substantial homology.

One group developed human single-chain variable fragments (scFvs) (SS87, SS70, SS73 and 

A8) directed against the LF- and EF-binding domain on PA [81,82]. All these scFvs 

inhibited LT in the macrophage lysis assay although their potencies varied. Other 
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investigators used phage display analysis to define peptides capable of binding to the PA 

heptamer [83]. This and subsequent studies identified several 12 (e.g., HTSTYWWLDGAP) 

and then a 6 amino acid (TYWWLD) sequence that bound to the PA heptamer [84-88]. 

Although individually these amino acids were weak ligands, combination of multiple copies 

on polymer backbones with the proper spacing and density resulted in polyvalent 

compounds with high affinity for the PA heptamer and which inhibited LT in vitro and in 
vivo.

Murine monoclonal antibodies (10G3, 2E7, 10D4, 10G4 and 13D10) to LF capable of 

interfering with LF binding to PA were first reported in 1990 [89]. These antibodies were 

identified by their ability to neutralize LT's activity in a J774A.1 macrophage assay, and two 

(mAb 2E7 and 10G3) protected LT-challenged Fisher rats. Subsequent studies by differing 

groups have demonstrated other murine mAbs generated against LF which have inhibited 

binding of LF to PA and were protective in the LT macrophage lysis assay or with LT 

challenge in vivo [90-92]. A high affinity scFv (2LF) generated against LF in macaques and 

described as humanlike inhibited LF binding to PA63 and was protective in the macrophage 

lysis assay and in LT-challenged Fisher rats [93]. One group combined antibody-producing 

lymphocytes from individuals vaccinated with the UK anthrax vaccine with a human–mouse 

heteromyeloma cell line (CB-F7) and developed mAb to LF (hLF1-SAN) [94]. This mAb 

bound to peptide regions 121 – 150 and 451 – 470 of LF and was protective in an LT 

neutralization assay and in LT-challenged mice. One previously developed murine mAb 

(LF8) that blocked LT formation was employed to construct a human–murine chimeric Fab 

mAb (LF8-Fab) using LF8 variable regions combined with human constant regions which 

was protective pre- and post-exposure in LT-challenged J774A.1 cells [90,95]. Finally, a 

human mAb against LF (IQNLF) developed as noted above was shown to bind to domain I 

of LF (i.e., the PA-binding domain) [46]. IQNLF inhibited LT in the macrophage lysis assay 

and was protective in A/J mice when administered 2.5 h prior to an i.p. B. anthracis (Sterne 

strain) challenge. A Phase I clinical trial of IQNLF had been planned [96] (omicsonline.org/

2157-2526/2157-2526-S1.006-004.pdf).

Early studies also defined murine mAbs (7G10 and 9F5) against amino acids in the PA-

binding region of EF, one of which (9F5) inhibited ET activity in a CHO cell elongation 

assay [97]. More recently, a murine mAb generated against LF (H10) was shown to interfere 

with the PA-binding regions on both LF and EF and the adenyl cyclase activity of ET and 

macrophage cytotoxicity of LT [98]. In BALB/c mice, H10 pretreatment was protective 

against either ET or LT challenge. Four murine mAbs (1D4, 3F2, 4A6 and 7F10) directed 

against the PA-binding region of EF all inhibited ET-induced cAMP release from RAW264.7 

cells and footpad edema formation in BALB/c mice but these effects were greatest for 7F10 

[99]. At the highest dose tested, mAbs 3F2, 4A6 and 7F10 were protective in ET-challenged 

C57BL/6J mice, while all four mAbs reduced leg edema following B. anthracis (Sterne 

strain) s.c. foreleg injection. However, in mice challenged with lethal bacteria, a combination 

of 7F10, 3F2 and 4Ag, while prolonging survival did not change the proportion of animals 

surviving significantly.
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4.6 Inhibitors of endosomal pore formation and translocation of LF and EF

One group developed a mouse–human chimeric mAb (cAb29), which was protective as a 

pretreatment in LT-challenged rats and B. anthracis spore challenged guinea pigs and rabbits 

[100,101]. While cAb29 did not inhibit PA-receptor binding, furin cleavage of PA83, PA63 

oligomerization or LF binding to the prepore, it did interfere with the flexible loop in 

Domain 2 (2β2 – 2β3; residues 302 – 325) of the PA complex necessary for insertion of the 

prepore into the endosomal membrane and delivery of LF and EF.

Several groups have shown that dominant-negative (DN) mutants of the PA63 monomer, 

which can be incorporated along with wild-type monomers during oligomerization, prevent 

prepore to pore transformation [102-105]. These mutants have targeted residues necessary 

for prepore insertion into the endosomal membrane (e.g., 2β2 – 2β3 of domain 2) or ones 

necessary for translocation of LF and EF (e.g., F427). Treatment with DN mutants was 

protective in the LT macrophage lysis assay and in LT-challenged Fisher rats and BALB/c 

[103,104].

Since acidification of the endosomal vesicle is necessary for prepore to pore transformation, 

agents inhibiting this acidification process have been investigated. One such agent, 

chloroquine, was shown to be protective in the LT macrophage lysis assay and in LT-

challenged BALB/c mice and in LT lymphocyte suppression testing [106-109]. However, 

other work has suggested that the protective effects of chloroquine and related agents 

actually relate to their binding and blockade of the barrel required for LF and EF 

translocation [110]. One group used a lipid bilayer system to investigate the binding and 

inhibitory effects of a group of chloroquine-related heterocyclic fused azinium salts on PA63 

channels [111]. Three agents, HA1568, HA1495 and HA1383, were protective in a J774A.1 

macrophage lysis assay, although this was most notable for HA1568. Another group 

investigated 500 potential small-molecule inhibitors of LT using a high-throughput RAW 

264.7 cell-based assay [112]. This screen identified amiodarone and bepridil, two cardiac 

anti-arrhythmic agents, which interfered with LTs cytotoxic effects in concentrations 

comparable to ones used clinically. Both agents exerted their effects by inhibiting endosomal 

acidification, while amiodarone was protective in LT-challenged Fisher rats. Using high-

throughput analysis, another group identified three agents, niclosamide, diphillin and a novel 

chromeno[4,3-c]pyrazol-4 (iH)-one (NCG00084148-01), which were protective in the 

macrophage lysis assay [113]. At low concentrations these agents interfered with endosomal 

acidification either via inhibition of vacuolar (H+)-ATPase (V-ATPase) or blocking of 

trafficking to endosomes with increased acidity.

Employing a structure-based analysis to define compounds with ring structures capable of 

inhibiting the heptameric PA prepore ring, investigators identified a group of β-cyclodextrin-

based compounds [114-118]. They then constructed a compound [per-6-(3-

aminopropylthio)-β-cyclodextrin or AmPrβCD)] which was shown by X-ray crystallography 

to bind to the pore barrel lumen. AmPrβCD blocked conductance through prepore structures 

inserted into lipid bilayers and was protective in LT-challenged macrophages and Fisher rats. 

Post-treatment at 24 h with a similar agent (14b) in mice challenged with B. anthracis 
(Sterne strain) and treated with ciprofloxacin improved survival compared with antibiotic 

alone [119].
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One group developed a recombinant fusion protein which combined the domain I of LF 

lacking its initial 27 amino acids, with the N-terminus of EF [120] (ΔLFn-EFn). This fusion 

protein was protective in a macrophage lysis assay and in LT-challenged Fisher rats. Further 

studies in CHO cells suggested that this fusion protein interfered with translocation of the 

toxic moieties.

4.7 Inhibitors of the intracellular enzymatic effects of LF

Several antibodies developed against LF appear to target its enzymatic actions. For the 

murine mAb LF8, originally shown by electromobility shift assay to interfere with LF 

binding to PA, subsequent epitope studies showed that it associated with domain III which is 

necessary for LF's enzymatic activity [91]. Similar binding to domain III has been shown for 

mAbs 10G3, 5B13B1 and 3C16C3 [89,92].

Types of small-molecule inhibitors of LF activity, both competitive and noncompetitive and 

each with numerous candidate agents, have been reported on and reviewed [121-123]. These 

inhibitors have included hydroxymates, zinc-metallo-proteases, amino-glycosides, quinolone 

urea derivatives, heterocyclic zinc chelators, drug structure scaffolds, hydrazones, several 

natural products (e.g., catechins), host defensins, compounds with polyphenol motifs and 

phenylfuran, phenylpyrazole and phenylpyrrole carboxylic derivatives [121]. Very few of 

these agents have been studied in in vivo models though, making their potential clinical 

application unclear. The ones that have been tested in animal models are discussed here.

Work by several groups demonstrated the potential effectiveness of peptide hydroxymates as 

competitive inhibitors of LF [124,125]. Subsequent work by investigators at Merck Research 

laboratories produced the hydroxamate (2R)-2-[(4-fluro-3-methylphenyl)sulfonylamino]-N-

hydroxy-2-(tetrahydro-2H-pyran-4-yl) acetamide or LFI [126,127]. X-ray crystallography 

showed that LFI bound in the groove at the interface of LF domains III and IV, adjacent to 

the catalytic center. It inhibited LF protease activity and was protective in LT-challenged 

J774A.1 macrophages and BALB/c mice. In live bacteria challenge studies, LFI was 

protective as: i.v. pretreatment in BALB/c mice receiving i.p. B. anthracis (Sterne strain); 

s.c. pretreatment in DB rabbits receiving s.c. B. anthracis (Ames strain); s.c. post-treatment 

in DB rabbits receiving s.c. B. anthracis (Ames strain); and s.c. post-exposure treatment in 

DB rabbits receiving s.c. B. anthracis (Ames strain) and ciprofloxacin. However, animal 

numbers were relatively small in these experiments and levels of significance not provided.

Modification of the original structure proposed by Merck produced two small-molecule LF 

inhibitors, PT-8420 and PT-8541, that were investigated in an in vivo spore-challenged 

mouse model [128-131]. In one set of experiments, compared with C57BL/6J mice 

challenged with s.c. B. anthracis (Ames strain) and treated with a subtherapeutic dose of 

ciprofloxacin, post-treatment with either of the two LF inhibitors combined with 

ciprofloxacin increased survival significantly. In the same model but without antibiotics, 

PT-8541 and a mAb against ET had additive survival benefits.

Screening drug structure scaffolds, one group identified an initial compound (BI-MFM3) 

with a rhodanine ring and its modifications (BI-11B1, BI-11B2 and BI-11B3) that were LF 

specific and protective in LT-challenged RAW264.7 cells [132]. In DBA2 mice challenged 
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with i.p. B. anthracis (Sterne strain) spores, compounds BI-11B1 or BI-11B3 in combination 

with ciprofloxacin administered 24 h after challenge increased proportional survival 

compared with ciprofloxacin treatment alone.

One group noted that the human neutrophil protein 1 (HNP-1), an α defensin, not only 

protected RAW264.7 macrophages from spore challenge, but also inhibited LF enzymatic 

activity and protected RAW264.7 macrophages and BALB/c mice from LT challenge [133]. 

Another group reported that the catechin (-) epigallocatechin-3-gallate (EGCG)-blocked LF 

enzymatic activity was protective in the RAW264.7 assay and reduced symptoms related to 

LT challenge in Fisher rats [134]. In studies examining the N-end rule in LT-mediated death, 

one group showed that bestatin protected LT-challenged RAW264.7 macrophages and 

BALB/c mice [135].

4.8 Inhibitors of the intracellular enzymatic effects of EF

Compared with LF, there has been much less work directed at EF inhibitors. A group at the 

NIH identified several chimpanzee mAbs against EF (EF12A, EF13D, EF14H and EF15A) 

from which Fabs were converted into full-length chimeric IgG molecules with γ1 heavy 

chain constant regions [99,136]. Although all four showed binding specificity for EF, only 

EF13D inhibited cAMP production in ET-challenged RAW264.7 cells. This mAb bound 

amino acids in close proximity to the calmodulin-binding site of EF and not only prevented 

calmodulin binding but also displaced it from EF. EF13D was protective in C57BL/6J mice 

when administered 1 h before i.v. ET challenge and 18 and 1 h before s.c. B. anthracis 
(Ames 35 strain) challenge. Another group developed a murine IgM mAb to EF (9F3) which 

produced dose-dependent decreases in EF-stimulated cAMP release from CHO cells and a 

weak survival benefit in A/JCr mice when used in combination with a subtherapeutic dose of 

a PA-mAb prior to i.v. B. anthracis (Sterne strain) challenge [137].

As recently reviewed, several potential nucleotide and non-nucleotide small-molecule EF 

inhibitors have been proposed based on differing search strategies [138]. While none of 

these have yet been reported to improve survival in in vivo anthrax models, they provide a 

basis for further investigation. Adefovir dipivoxil {9-[2-{{bis[(pivaloyloxy) 

phosphinyl]methoxy] ethyl]adenine;bis-POM- PMEA}, an antiviral drug used for the 

treatment of viral hepatitis, bound to the catalytic site in EF with an affinity four times 

higher than ATP [139].

Adefovir inhibited EF-mediated cAMP production in CHO cells and morphological changes 

in Y1 mouse adreno-cortical cells and reversed EF inhibition of macrophage TNF 

production. Adefovir inhibited EF-stimulated cAMP production and its cardiovascular 

effects in perfused heart and aortic ring models [22,25]. Other agents shown to have the 

potential to inhibit EF's enzymatic activity include 4-[4-(4-nitrophenyl)-thiazolylamino]-

benzene-sulfonamide [140,141], 3-{(9-oxo-9H-fluorene-1-carbonyl)-amino]-benzoic acid 

[142,143], and (M)Ant nucleotides [144-149] and allosteric inhibitors [150].
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5. Conclusion

B. anthracis infection continues to be a health threat in both developing and developed 

regions of the world. While antibiotic therapy and, in severe cases, aggressive 

cardiopulmonary support are the mainstays of treatment, developing adjunctive agents 

capable of mitigating the detrimental effects of LT and ET is important. Over the past 10 – 

15 years, there has been considerable research in this regard. At present, two agents (AIG 

and raxibacumab) are undergoing or have completed FDA review or approval respectively 

and have actually been included in the SNS (Table 1). Four other agents (ETI-204, IQNPA, 

AVP-21D9 and MDX 1303) have reportedly undergone or are about to undergo Phase I 

testing (Table 1). While a large number of other toxin-directed agents have also shown 

promise in laboratory studies, their further development and approval for definitive clinical 

use should be a priority. Whether any of these agents under development for the treatment of 

B. anthracis infection demonstrate actions (e.g., inhibition of pore formation and cAMP 

formation) that might have applicability for other medical conditions is a potential secondary 

gain from this large research effort.

6. Expert opinion

Although antibiotic therapy alone is usually sufficient for the treatment of B. anthracis 
infection when systemic disease is not in question, for systemic disease, adjunctive therapy 

with toxin-directed agents is now recommended (38). Over the past 10 – 15 years, a large 

number of agents have been identified with the potential to inhibit LT and ET. The extent to 

which these agents have been developed and tested for possible clinical use though varies 

considerably. This work is certainly slowed by the need for laboratories operating at a 

sufficient biosafety level (i.e., 3 or 4) to provide later stage in vivo testing with relevant 

virulent B. anthracis strains as well as the need for compliance with the FDA animal rule. 

While antibody-based agents have received the most extensive testing to date, only two of 

these (AIG and raxibacumab) have been studied sufficiently to permit their inclusion in the 

US SNS or approval by the US FDA. Of concern, while each of these agents produced 

trends in improved survival when administered post-exposure and combined with antibiotics 

in virulent B. anthracis-challenged animal models, neither of these results actually reached 

significance. Furthermore, whether AIG has actually improved outcome when used 

clinically is unclear, especially when its application in the 2009 outbreak of anthrax of 

injection drug users in the UK is considered. The only other antitoxin agents that have 

reached Phase I clinical testing are also antibody based. Direct comparisons in relevant 

animal models of AIG and raxibacumab, as well as other antibody preparation possibly 

close to approval would be informative. Nevertheless, at present, AIG and raxibacumab are 

the only adjunctive agents available for use for anthrax.

Current antibody therapies require intravenous administration. These therapies, if effective, 

will be most useful for the treatment of either isolated cases or small outbreaks of anthrax 

infection. In the event of a large-scale exposure, as might occur during a bioterrorist event, 

rapid administration of an intravenous antibody to a large number of infected individuals, 

while possible, will be very difficult. In this regard, the ideal adjunctive agent would be one 

that was orally bioavailable and could be dispensed quickly along with an oral antibiotic. In 
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this context, the large number of small-molecule agents that have been investigated are 

encouraging. Unfortunately, many of these agents target either the protease activity of furin, 

the metalloprotease activity of LF or the adenyl cyclase activity of EF. These enzymatic 

activities overlap with those of many host enzymes. Thus, defining small molecule inhibitors 

with sufficient selectivity to target the pathogenic enzymatic activities of LT and ET without 

effecting essential host cell function will be an obstacle but will hopefully be overcome with 

further research. Small molecule inhibitors targeting aspects of toxin uptake or action, which 

do not overlap with host cell functions, might provide the best targets for therapy.

Possibly one of the most promising groups of agents for use as adjunctive therapies are 

drugs already approved for clinical use for other conditions (e.g., chloroquine, adefovir or 

amiodarone) and which show convincing toxin inhibition. Once again, however, these agents 

would ideally be orally bioavailable ones with limited toxicity. Importantly though they 

would have to be shown to add significantly to the beneficial effects of standard support in 

relevant in vivo models. Since many potential agents in this category may offer little 

commercial value to pharmaceutical companies, whether the funding would be available to 

adequately test them without strong governmental support is unclear.
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Article highlights

• Invasive forms of Bacillus anthracis infection have occurred over the past 

decade with concerning frequency in the developed world and have been 

associated with a high mortality rate despite conventional antibiotic and 

intensive care unit support. This bacterium's ability to be weaponized remains 

a worldwide bioterrorist threat.

• Production of lethal toxin and edema toxin (LT and ET, respectively) is 

important to the pathogenesis of B. anthracis infection and toxin inhibitors 

may serve as beneficial adjunctive therapies for patients with infection.

• The multistep process required for the uptake and subsequent activity of LT 

and ET in host cells has provided a framework for the development of a broad 

range of differing toxin-directed agent treatments.

• Over the past 10 – 15 years, a large number of candidate antitoxin agents have 

been identified. However, the development and preclinical testing of the 

majority of these agents in relevant diseased animal models has been slow 

with only a few reaching Phase I clinical testing.

• While two antibody preparations directed against the toxins and with the 

potential to serve as adjunctive therapies have been included in the Strategic 

National Stockpile (SNS), orally bioavailable agents that can be administered 

rapidly and to large numbers of recipients in the event of a large outbreak of 

infection are needed.

This box summarizes key points contained in the article.
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Figure 1. 
(A) Key events in the uptake of edema or lethal toxin by host cells as well as the potential 

effects of edema and lethal factor. During infection, circulating protective antigen (PA) 

protomer (PA83) binds to one of at least two host cellular receptors, termed anthrax toxin 

receptors (ATR), that are encoded by the tumor endothelial marker 8 (TEM8) gene or by the 

capillary morphogenesis gene 2 (CMG2), both of which are present on many tissues. The 

bound PA83 precursor molecule undergoes furin cleavage with release of an unbound subunit 

(PA20) and a retained bound subunit (PA63). Bound PA63 subunits then form either 

heptamers or octamers that one to three circulating lethal factor (LF) or edema factor (EF) 

proteins competitively bind to, forming the structure termed the prepore. This complex 

undergoes endocytosis, the prepore combines with the endosomal membrane and the toxic 

factors are then released into the cytoplasm. Edema factor has calmodulin-dependent adenyl 

cyclase activity and increases intracellular cAMP levels while LF inhibits mitogen-activated 

protein kinase 1 – 4, 6 and 7 and stimulates inflammasome formation. Based on the steps 

outlined in (A), (B) indicates where different categories of toxin-directed inhibitors have 

been designed to exert their effects. These categories, shown in the boxes in the figure and 

discussed in the text, include: inhibitors of the PA binding domain (1); inhibitors of binding 

domains on anthrax toxin receptors (TEM8 or CMG2) (2); inhibitors of furin PA83 cleavage 

(3); inhibitors of PA63 oligomerization and prepore formation (4); inhibitors of LF and EF 

attachment to the PA oligomer (5); inhibitors of endosomal pore formation and translocation 
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of LF and EF (6); inhibitors of the intracellular enzymatic effects of LF (7); and inhibitors of 

the intracellular enzymatic effects of EF (8).
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Table 1
Bacillus anthracis toxin-directed agents available for or close to clinical use

Agent designation Description Manufacturer Stage of development

AIG [37] pAb
Inhibits PA binding domain

Emergent Biosolutions Undergoing FDA review Included in SNS

Raxibacumab (Abthrax) [39] Humanized mAb
Inhibits PA binding domain

GlaxoSmithKline FDA approved Included in SNS

ETI-204 (Anthium) [43] Humanized mAb
Inhibits PA binding domain

Elusys Therapeutics Reportedly completed Phase I testing Fast-track 
and orphan drug status by the FDA

IQNPA [45] Human mAb
Inhibits PA binding domain 
and LF

IQ Corporation Reportedly undergoing Phase I testing

AVP-21D9 [71,73-75] Human mAb
Interferes with oligomer 
formation

Avanir Pharmaceuticals Reportedly completed Phase I testing Published 
data available

MDX 1303 (Valortim) [76-78] Human mAb
Interferes with oligomer 
formation

Emergent Biosolutions Reportedly completed Phase I testing Fast-track 
and orphan drug status by the FDA

AIG: Anthrax Immune Globulin; AVA: anthrax vaccine adsorbed; FDA: Food and Drug Administration; LF: Lethal factor; PA: Protective antigen; 
pAb: Polyclonal antibody; SNS: Strategic National Stockpile.
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